One sentence summary: Detailed knowledge was generated about the effects of feeding two contrasting hay qualities, differing in contents of fibrous carbohydrates and sugars with varying levels of concentrate on the rumen bacteria. Editor: Cindy Nakatsu
INTRODUCTION
Cattle rely on their rumen microbiota to process complex dietary carbohydrates into short-chain fatty acids (SCFA), principally acetate, propionate and butyrate, which are the main energy sources for the host. Ruminant diets, with their diverse digestible ingredients, are known to be one of the key factors shaping the rumen microbiome (de Menezes et al. 2011; Petri et al. 2013; Ji et al. 2017) . The main digestible component in grainbased cattle diets is starch, which is rapidly fermented in the rumen, generating large amounts of SCFA that support swift weight gain or high milk yields (Zebeli and Metzler-Zebeli 2012) .
Feeding practises based on starch-rich concentrate feedstuffs have been increasingly questioned in recent years for various reasons. One reason is that prices of concentrate feeds increased over the last years (FAOSTAT 2016) , accelerating the search for feed alternatives. Additionally, commonly used concentrate feeds largely contain human-edible grains, thus their production and feeding to livestock competes with human food availability (Ertl et al. 2015) . Ruminants, which can utilise fibrous carbohydrates like cellulose due to the symbiotic relationship with the complex rumen microbial communities, do not per se depend on the supply of concentrate feeds and thus originally do not compete with humans for human edible products or arable land (Taube et al. 2013) . In fact, feeding grains rich in starch to ruminants increases the risk of subacute ruminal acidosis (SARA) and severe dysbiosis in cows (Zebeli and Metzler-Zebeli 2012) . Recent studies have also shown that feeding high-grain diets alters the rumen microbial population in favour of amylolytic and lactic acid-producing populations, at the expense of fibrolytic microbes (Fernando et al. 2010; Petri et al. 2013; McCann et al. 2016) . In the end, these strong shifts in the rumen microbiome can cause a depression of nutrient degradation, especially fibre (Pourazad et al. 2017) , which can lower feed efficiency.
Thus, there is a general interest to decrease the proportion of starch-rich grains in cattle diets. One promising alternative is the feeding of high-quality forages, like high-quality hay that contains an elevated sugar content and increased metabolisable energy. Such hay would increase the energy intake of cows while reducing the proportion of starch-rich grains in the diet (Kleefisch et al. 2017) . Like starch, sugars are rapidly fermented in the rumen. However, sugar-rich hay also contains a sufficient amount of hemicelluloses and cellulose that stimulate chewing and rumination, which increases saliva secretion, improving buffering of the rumen (Kleefisch et al. 2017) . As diet is one key factor known to influence the rumen microbial composition (Fernando et al. 2010; de Menezes et al. 2011) , the supply of different levels of sugars, starch, and fibre are expected to strongly affect the rumen microbiota. However, the effects of sugar-rich forages on the abundance and metabolic activity of rumen microbiota have not been clarified. The rumen is a complex ecosystem consisting of different niches of microbes especially adhered to fibre particles or associated with the liquid phase, playing different metabolic roles for the host and showing different responses to diet (McAllister et al. 1994) . Therefore, we hypothesised that replacing starch-rich grains with graded levels of sugar-rich hay will modulate the rumen microbiota of cattle in favour of fibrolytic and sugar-degrading microbes at the expense of amylolytic bacteria with different results in the ventral liquid and the solid fraction of the rumen mat.
This study was designed to evaluate the effects of feeding a high-quality, sugar-rich hay with graded amounts of starchrich concentrate feed on the microbiome both in the liquid and the solid-associated fraction of the rumen using Illumina MiSeq sequencing and quantitative polymerase chain reaction (qPCR) coupled with the fermentation profile and the kinetics of fibre degradation in situ.
MATERIALS AND METHODS

Ethics statement
The animal experimental protocol of this research was discussed and approved by the institutional ethics committee of the University of Veterinary Medicine Vienna in accordance with Good Scientific Practice guidelines and the national authority according to §26 of Law for Animal Experiments, Tierversuchsgesetz-TVG 2012 (GZ 68.205/0104-II/3b/2014 .
Animals, housing and experimental diets
This study involved eight ruminally cannulated (100 mm i.d.; Bar Diamond, Parma, ID) non-lactating and non-pregnant Holstein cows (initial body weight: 851 ± 75 kg, mean ± SD). The experiment was conducted at the Dairy Research Facilities in Kremesberg of the University of Veterinary Medicine (Vetmeduni) Vienna, Austria. Animals were kept together in a loose housing barn with a concrete floor covered with rubber mats and deep litter lying areas covered with straw bedding. Detailed information on diet formulation (Table S1 , Supporting Information) and study design has already been published in Kleefisch et al. (2017) . The experiment was conducted as a double 4 × 4 Latin square design with four diets tested in four consecutive periods, each period lasting 25 days. Diets contained either high-sugar hay or fibre-rich normal hay. Diets containing sugar-rich hay were supplied either without concentrate (100HSH), or with 25% concentrate (75HSH) or 40% concentrate (60HSH). The fibre-rich hay diet (60LSH) consisted of 60% fibre-rich hay and 40% concentrate. In brief, the fibre-rich, low-sugar hay (second cut meadow hay) contained in dry matter (DM) 11.3% sugars, 57.7% neutral detergent fibre (NDF), 35.0% acid detergent fibre (ADF), 3.5% acid detergent lignin (ADL), and 11.3% crude protein (CP), whereas the high-sugar hay (Lolium perenne as main grass) contained 18.7% sugars, 46.3% NDF, 23.5% ADF, 1.5% ADL, and 23.5% CP. Diets differed in sugar and starch content (60LSH: 8.4% and 18.2%; 60HSH: 12.9% and 17.8%; 75HSH: 15.0% and 11.1%; 100HSH: 18.7% and 0%, in DM respectively). Because of differences in CP contents in hay, the 60LSH diet contained the lowest (15.9% in DM) and the 100HSH diet the highest amount of CP (23.5% in DM).
Cows had free access to hay offered in individual feeding troughs, which were equipped with electronic scales and computer-regulated access gates (Insentec B.V., Marknesse, The Netherlands), enabling accurate electronic recording of the individual hay intake after each visit to the trough. Fresh hay was continuously provided during the day. In addition, cows had access to concentrate allowances starting from 10 a.m. in a computer-controlled feeding station (Delaval GesmbH, Eugendorf, Austria), which allowed controlled intake of the concentrates for each cow. The daily allowance of concentrates was set based on intake of hay of the previous day in order to maintain the required concentrate to hay ratio for each cow. Free access to water and mineral (H. Wilhelm Schaumann GmbH & Co. KG, Baden, Austria) was constantly provided.
Sampling of free ruminal and particle-associated liquid phases
To determine the diurnal fermentation profile in the free ruminal liquid (FRL) of the ventral rumen and the particle-associated liquid in the fibre mat (PARL), multiple samples of rumen digesta were taken via the rumen cannula for measurement of pH and concentrations of ammonia and SCFA over the course of 10 h. Samples were collected from each cow on two days between days 13 and 18 of each experimental period to reduce stress due to intensive sampling. To obtain equal postprandial conditions among the two sampling days, cows were not allowed to access their feeds from 00:00 h to 06:00 h on the respective days. On the first day samples were collected before the morning feeding at 06:00 h (0 h), and after 4 h and 8 h of the morning feeding. On the second day, samples were taken 2, 6, and 10 h after the morning feeding. First, solid rumen digesta (approximately 200 g) was taken through the cannula about 20 cm below the rumen mat surface and manually squeezed to obtain the PARL (Zebeli et al. 2008) . FRL was taken from the ventral rumen sac using an aspiration tube (RUMINATOR; T. Geishauser, Guelph, Canada). Samples from PARL and FRL were filtered through four layers of cheese cloth. The pH was immediately measured using a pH electrode (Mettler Toledo SevenGo Portable pH Meter SG2; Mettler-Toledo GmbH, Schwerzenbach, Switzerland) which was calibrated with buffers of pH 4.0 and 7.0 before each measurement. Subsamples were frozen at −20
• C for further analyses of SCFA and ammonia concentration. Samples for the analyses of the rumen microbiota from the solid fraction of the rumen mat and FRL were taken 2 h after the morning feeding on day 24. Samples from FRL were collected as described above. Samples from the solid fraction of the rumen mat were collected through the rumen cannula from about 20 cm underneath the rumen mat surface using sterilised tweezers. Immediately after collection, both the solid fraction of the rumen mat and FRL samples were transferred into cryotubes and snap-frozen in liquid nitrogen before storage at − 80
• C.
Quantification of SCFA and ammonia in FRL and PARL
Concentrations of individual SCFA (acetate, propionate, isobutyrate, n-butyrate, iso-valerate, n-valerate and caproate) were determined by gas chromatography as described in Pourazad et al. (2016 respectively. Helium was used as carrier gas with a flow rate of 6 mL min -1 . Chromatograms were generated and evaluated using Stratos Software (Stratos Version 4.5.0.0, Polymer Laboratories, Church Stretton, Shropshire, UK). Ammonia concentration in the supernatant of the FRL and PARL samples were analysed using the indophenol method according to Weatherburn (1967) after centrifugation for 10 min at 15 000 g and dilution of 1:50.
In situ measurements
To determine ruminal degradability characteristics of both hays fed to cows, the in situ technique was used. In situ measurements were performed in each experimental period on each cow for three consecutive days between the days of rumen digesta sampling using the method described earlier (Pourazad et al. 2017) . Low-sugar, fibre-rich hay was incubated for 48 h in cows eating the 60LSH diet, whereas high-sugar hay was incubated for 48 h in cows on any of the HSH diets. The respective hay was taken from the same batch as the forages fed to the cows. Prior to in situ incubations, the hays were cut to approximately 2 cm in length, weighed (5 g of DM) into nylon bags (20 cm × 10 cm, 150-μm pore size, Linker Industrie-Technik GmbH, Kassel, Germany) and sealed tightly by a cable binder. The total incubation lasted for 48 h with multiple samplings at 2, 4, 8, 12, 24, 32 and 48 h. Before incubation, the bags were soaked in warm water (39
for 15 min to account for the soluble content of the test feed (Ørskov, Hovell and Mould 1980) and representative 0-h samples were taken in duplicate and immediately stored at -80 • C. Afterwards, the remaining bags were inserted into the ventral rumen sac (Ørskov, Hovell and Mould 1980) . After each removal from the rumen for proximate analysis the bags were placed on ice and stored at -80
Nutrient analyses
Diets and in situ feed residues were analysed for their chemical composition. Frozen in situ bags were thawed at room temperature overnight. Subsequently, they were hand-washed under running cold tap water until the water ran clear and handsqueezed to remove excess liquid. Samples of diets, test feeds, and in situ residues were dried at 65 • C for 48 h and ground through 0.5-mm sieve before being processed for proximate analysis following the protocol of VDLUFA (2007). The DM content was determined from oven-drying of samples at 100 • C for 24 h and ash from overnight combustion at 580 • C. Organic matter (OM) was calculated by subtracting DM with the ash content. NDF was analysed using Fiber Therm FT 12 (Gerhardt GmbH & Co. KG, Königswinter, Germany), with heat-stable α-amylase and exclusive of residual ash. CP was analysed using the Kjeldahl method (VDLUFA 2007) . In situ disappearance (termed as degradation) of DM, OM, CP and NDF in forages at each incubation time (% of supply) was estimated as the difference between initial substrate added and the residue recovered at each sampling time.
DNA isolation
Samples from the FRL and the solid fraction of the rumen mat were thawed on ice until they became pliant. Liquid samples were vortexed shortly to mix the sample and then a 2 mL subsample was taken for DNA isolation. Samples of the solid fraction of the rumen mat were cut into small pieces, and approximately 50 mg of a homogenised subsample was used for genomic DNA isolation. DNA isolation from all samples was performed using the PowerSoil DNA isolation kit (MOBIO Laboratories Inc., Carlsbad, CA, USA) together with preceding steps for the solid fraction of the rumen mat according to Kong, Teather and Forster (2010) 
qPCR of key phylotypes
In a qPCR approach, the abundance of each phylogenetic kingdom (Bacteria, Archaea, Fungi and Protozoa; Table S2 intervals. Standard curves were generated using 10-fold serial dilutions (10 7 -10 3 molecules μL -1 ) of the purified and quantified PCR products generated by standard PCR using DNA from rumen fluid and solid fraction of the rumen mat of the present experiment as previously described (Deckardt, Metzler-Zebeli and Zebeli 2016) . The following primer sets were used for the preparation of standards: universal primer set 27F-1492R for quantification of total bacterial 16S rRNA gene (Carberry et al. 2012) , primer set P.SSU-54f-P.SSU-1747r for quantification of total protozoal 18S rRNA gene (Sylvester et al. 2004) , primer set 109F-934R for quantification of archaeal 16S rRNA gene (Goberna et al. 2010) and the primer set used for amplification of the fungal 18S rRNA gene (Denman and McSweeney 2006;  Table S2 , Supporting Information). PCR products were quantified using the Qubit 2.0 Fluorometer (Life Technologies) and the Qubit dsDNA HS Assay Kit (Life Technologies). The PCR efficiency was calculated: E = 10 (-1/slope) -1. Amplification efficiencies ranged from 1.93 to 2.10.
Results were analysed using the associated software (Stratagene MxPro, QPCR Software, version 2.00). Negative controls were included on each 96-well plate.
Sequencing, sequence processing and analysis
One 20-μL aliquot from the DNA extract of each sample was sent for amplicon sequencing using a MiSeq Illumina sequencing platform and paired-end technology (Microsynth AG, Balach, Switzerland). Sequencing targeted the V3-V5 hypervariable region of the 16S rRNA gene using the primer set 357F (5 -CCTACGGGAGGCAGCAG-3 ) and 926R (5 -CCGTCAATTCMTTTRAGT-3 ) (Peterson et al. 2009 ) to generate an approximate amplicon size of ∼570 bp. Libraries were constructed by ligating sequencing adapters and indices onto purified PCR products using the Nextera XT Sample Preparation Kit (Illumina, San Diego, California, USA) according to the recommendations of the manufacturer. Equimolar amounts of each of the libraries were pooled and submitted for sequencing on an Illumina MiSeq Personal Sequencer using a 300 bp read length paired-end protocol. After sequencing, paired ends were stitched together and trimmed by Microsynth (Balach, Switzerland) resulting in a total of 10 508 992 reads with 518 ± 17 base pairs with a mean Phred score of 35. Sequence quality control and analyses were performed using the QIIME pipeline (Caporaso et al. 2010) . Sequences were first quality filtered following previously published recommendations (Bokulich et al. 2013 ) using a Phred score of 33 and then screened for chimeras using the gold.fa database and USEARCH (version 8.1; Edgar 2010), filtered and then picked using UCLUST (Edgar 2010) . Finally, samples were aligned and clustered to define operational taxonomic units (OTUs) using PyNAST (Caporaso et al. 2010) and the Greengenes database as a reference template (version 13 8; DeSantis et al. 2006) . The degree of similarity between sequences was defined as 97% to obtain OTU identity at the species level. Any OTUs that clustered with less than 10 reads were manually removed. A total of 8 694 166 sequences clustered into 15 038 OTUs for further analysis. All OTUs with a relative abundance greater than 0.1% (159 OTUs) were taken for statistical analysis.
The 50 most abundant OTUs in FRL and attached to the solid fraction of the rumen mat were additionally classified using the NCBI BLASTn. Using QIIME, the Chao 1 index was used for calculation of the nonparametric species richness and the Shannon and Simpson indices for measurement of diversity (Table 2) . Principal coordinates analysis (PCoA) beta-diversity plots were built using the weighted UniFrac analysis (Lozupone and Knight 2005) . Correlation matrix and graphics were generated using the corrplot package of R Studio (version 1.0.136; http://www.R-project.org/).
Accession numbers
Sequencing data are available in BioSample SRA database under the accession numbers SAMN06344396 to SAMN06344459 and in BioProject SRA database as PRJNA401305.
Statistical analysis
Statistical analyses were performed using the MIXED procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC, USA). The model for SCFA and NH 3 concentrations in the different rumen fractions included as fixed effects diet, fraction (i.e. FRL and PARL), day nested within sampling time, square, period nested within square, as well as the interactions of diet, fraction and day nested within sampling time. Cow nested within square was considered as random factor. Measurements taken on the same cow but different times were considered as repeated measures. The % relative abundance of the microbial sequence data and qPCR log gene copy numbers were analysed separately for FRL and the solid-associated communities including as fixed effects diet, square, period nested within square and cow nested within square as random factor. The statistical model for the in situ degradation included period, square, incubated hay nested within diet, time of sampling as well as the interaction of the latter two as fixed effects. Cow nested within square was considered as random factor and time of sampling as repeated measure. Multiple comparisons among treatments were evaluated by Tukey's test. In addition, regarding the high-quality hay diets, for each parameter the CONTRAST statement of SAS was used to determine the significance of a linear or quadratic effect of increasing amounts of high-quality hay and likewise decreasing amounts of concentrate feed in the HSH diets. Because the treatments of high-sugar hay diets were unequally spaced (i.e., 60%, 75%, 100%), we used the ORPOL function (PROC IML of SAS) to estimate the appropriate coefficients for the linear and quadratic Figure 1 . Ammonia concentration in the ventral FRL and in the particle-associated liquid (PARL) of the fibre mat. Notes: measurements were conducted before the morning feeding (0 h) and at 2, 4, 6, 8 and 10 h thereafter. 60LSH = 60% fibre-rich low-sugar hay + 40% concentrate; 60HSH = 60% high-sugar hay + 40% concentrate; 75HSH = 75% high-sugar hay + 25% concentrate; 100HSH = 100% high-sugar hay. Error bars indicate the standard error of the mean. Values with different superscripts (a and b) differ significantly (P < 0.05). Time effect and effect of sampled rumen fraction were significant (P < 0.001) and diet × interaction was found in the particleassociated liquid (P < 0.001).
CONTRAST statements. The significance level was set at P ≤ 0.05, and a trend was considered when 0.05 < P ≤ 0.10.
RESULTS
Feed intake and ruminal concentration of ammonia and SCFA
Data of feed intake and ruminal pH has been reported previously (Kleefisch et al. 2017) . Total DM intake averaged 12.5, 12.7, 12.9 and 13.2 kg per day for 60LSH, 60HSH, 75HSH and 100HSH diets (diet effect P < 0.001), respectively. Total NDF intake with 60LSH (5.4 kg day -1 ) was higher than with 60HSH (4.6 kg day -1 ) and 75HSH (5.2 kg day -1 ), but was still lower than with 100HSH (6.1 kg day -1 ; P < 0.001). Total intake of CP and sugars was highest with 100HSH (3.1 and 2.5 kg day -1 ) and lowest with 60LSH (1.95 and 1.07 kg day -1 ; diet effect P < 0.001). Starch intake did not differ between 60LSH and 60HSH (2.2 kg day -1 ) but was lower with 75HSH (1.4 kg day -1 ) and was zero with 100HSH (diet effect P < 0.001). Data of pH values over the course of 10 h after the morning feeding are presented in Kleefisch et al. (2017) and averaged 6.8 in FRL and 6.4 in PARL.
The changes in the diurnal concentration of ammonia in FRL and PARL are shown in Fig. 1 . Ammonia differed between FRL and PARL, being on average 49% higher in PARL than in FRL (P < 0.001), especially when cows were fed the high-sugar hay diets (diet × fraction P < 0.001). Ammonia concentration changed also by time after feeding (P < 0.001) with a diet × time interaction (P < 0.001) as ammonia concentrations in both fractions peaked at 2 h after the first feeding only for HSH diets and stayed continuously high until 6 h with 100HSH (Fig. 1) .
Concentrations of total SCFA averaged 127 mmol L -1 for cows fed the high-sugar hay diets, whereas mean ruminal SCFA concentration was 103 mmol L -1 for cows fed the control 60LSH diet (diet effect P < 0.001). Concentrations of the individual SCFA were all affected by diet (P < 0.001), time (P < 0.001) and rumen digesta fraction (P < 0.001), whereby differences among the highsugar hay diets were small (Fig. 2) . Concentrations of SCFA were higher in PARL than in FRL with a diet × fraction interaction (P < 0.001). Concentrations of the SCFA increased with time after feeding, with a more rapid increase with the high-sugar hay diets. Contrast analyses revealed a linear decrease for propionate (P = 0.015) and butyrate (P < 0.001), but a linear increasing effect for acetate (P = 0.048) and iso-butyrate (P < 0.001) with increasing high-sugar hay proportion.
In situ nutrient degradation
Results of the ruminal degradation of DM, OM, CP and NDF of the two different hays are shown in Table S3 , Supporting Information. Overall, in situ degradation increased over time (P < 0.001), but it was higher with high-sugar hay compared to the fibre-rich low-sugar hay (P < 0.001). No major differences in in situ degradation between cows fed the three high-sugar hay containing diets were observed at any time point, but contrast analysis revealed a quadratic effect with a slightly higher nutrient degradation of high-sugar hay incubated in the rumen of cows fed the 75HSH diet. Comparing the two treatments with 60% of either high-sugar or fibre-rich, low-sugar hay in the diet after 48 h of in situ incubation, degradation extent of the high-sugar hay was approximately 25%, 28%, 37% and 32% higher for DM, OM, CP and NDF, respectively, compared to the low-sugar hay.
Dietary effects on the ruminal microbiota in the FRL and attached to solid fraction of the rumen mat
Analysis with qPCR did not reveal major effects of the diet on the quantities of total bacteria, protozoa and methanogens in FRL or attached to the solid fraction of the rumen mat (Table 1) .
Only gene copy numbers of fungi in FRL were lower in cows fed 60HSH compared to 60LSH and 75HSH diets (P < 0.05). Alpha-diversity indices and evenness estimators differed significantly between diets and ruminal fractions (Table 2) . Numbers of OTUs and species richness were higher in FRL than in the solid fraction of the rumen mat (P < 0.05), whereas species diversity based on the Simpson index, was lower in FRL (P < 0.05). Significant differences in numbers of OTUs and species richness were found between cows fed 60LSH and 75HSH diets (P < 0.05).
Principle coordinates analysis plots revealed a clear clustering between samples from the liquid fraction and samples from the solid fraction of the rumen mat (Fig. 3) . Furthermore, Figure 2 . Concentrations of the SCFA acetate, propionate and butyrate in the ventral FRL and in the particle-associated liquid (PARL) of the fibre mat. Notes: measurements were conducted before the morning feeding (0 h) and at 2, 4, 6, 8 and 10 h thereafter. 60LSH = 60% fibre-rich low-sugar hay + 40% concentrate; 60HSH = 60% high-sugar hay + 40% concentrate; 75HSH = 75% high-sugar hay + 25% concentrate; 100HSH = 100% high-sugar hay. Error bars indicate the standard error of the mean. Values in the same row with different superscripts (a and b) differ significantly (P < 0.05). Time effect and effect of sampled rumen fraction were significant (P < 0.001). samples from cows fed 60LSH clustered separately in both fractions indicating different taxonomic compositions from the other groups. None of the OTUs with a relative abundance above 0.1% of all sequences was shared between the two rumen fractions and all dietary groups (Fig. 4) . 60LSH: 60% low-sugar hay plus 40% concentrate; 60HSH: 60% high-sugar hay plus 40% concentrate; 75HSH: 75% high-sugar hay plus 25% concentrate; 100HSH: 100% high-sugar hay.
communities caused by the diets (Tables 3 and 4) . Several dietary effects were observed on taxonomic phylum, family and genus levels. The most abundant microbial taxa in FRL are displayed in Table 3 . In total, 9 phyla were identified in FRL with Firmicutes being the most abundant ranging from 56.2% in cows fed the 60LSH diet to 73.6% in cows fed the 100HSH diet. Proteobacteria was highest in cows with the 60LSH diet (11.8% of total phyla) and lowest in animals with 100HSH diet (linear effect of highsugar hay proportion P < 0.05). There was a trend for the relative abundance of the phylum Bacteriodetes to be lower in cows fed the 60HSH diet compared to cows fed the 60LSH diet (P = 0.087) and a trend for a linear decrease with increasing highsugar hay proportion was found (P = 0.053). Relative abundance of Tenericutes phylum linearly increased with high-sugar hay (P < 0.05). Sequencing revealed seven different phyla of bacteria attached to feed particles (Table 4) , with Bacteroidetes being the main phylum with a higher abundance in cows fed the 60HSH diet compared to cows fed 60LSH (P = 0.017). Dietary effects were also found for the phyla Cyanobacteria, Synergistetes and Fibrobacteres, which were less abundant in cows with the HSH diets (P < 0.05). A quadratic effect of HSH (P = 0.027) was found for the less abundant phylum WPS-2, which was highest abundant in cows fed 75HSH (diet effect, P = 0.007).
As much as 75% of OTUs in FRL could not be assigned at family level (Table 3) . From the 13 identified families, the majority of OTUs (27%-39%) could be assigned to the family Ruminococcaceae. Succinivibrionaceae were found most often in cows with 60LSH and decreased linearly (P < 0.001) with proportion of high-sugar hay in the diet. Christensenellaceae and Erysipelotrichaceae tended to increase linearly with decreasing concentrate proportion (respectively P = 0.051 and P = 0.071) in cows fed high-sugar hay diets.
Of the bacteria attached to the solid fraction of the rumen mat, 59% of OTUs could be assigned at family level with again 13 different families being identified (Table 4 ). The most abundant family was Prevotellaceae, which was more abundant in cows fed 60HSH compared to cows fed 75HSH and 60LSH (P < 0.001). Fibrobacteraceae were less abundant in cows fed the HSH diets compared to cows fed 60LSH (P = 0.007). Dietary effects were also observed for Ruminococcaceae, which were most abundant in cows fed 100HSH (linear effect of sugar-rich hay proportion P < 0.001) and for Bacteroidaceae, which were higher in cows fed 60LSH compared to cows fed 60HSH (P = 0.008). Dietary effects were also found for the lower abundant families Dethiosulfovibrionaceae and in tendency for Erysipelotrichaceae, which both decreased linearly with increasing proportion of sugar-rich hay (P < 0.05), whereas RF16 linearly increased (P < 0.05).
In the solid fraction of the rumen mat, 54% of OTUs could be assigned to the genus level with 13 different genera identified, and in the FRL 26% of OTUs could be assigned to genus level, with 11 genera identified. In addition to the less abundant genera Anaerovibrio and RFN20, dietary effects in FRL were also observed for Ruminobacter with cows fed the HSH diets having reduced abundances of these groups compared to cows fed 60LSH (P = 0.005). Conversely, Selenomonas spp. were more abundant in cows fed the HSH diets (P = 0.002). Solid adherent rumen bacterial genera Fibrobacter, Prevotella, Pseudobutyrivibrio, Ruminococcus and BF311 were significantly affected by diet. Prevotella abundance as well as Pseudobutyrivibrio and Ruminococcus increased, whereas Fibrobacter and BF311 decreased with HSH.
Several intermicrobial correlations were observed in both rumen fractions (Fig. 5) . In FRL, high correlations were found between relative abundances of Pyramidobacter and Desulfovibrio (r = 0.703, P < 0.001) and Pyramidobacter and Methanobrevibacter (r = 0.616, P < 0.001), respectively, as well as between Selenomonas (NCBI BLASTn hit to 100% as Selenomonas ruminantium) and Anaerovibrio (r = 0.742, P < 0.001), Ruminococcus (r = 0.687, P < 0.001) and Succiniclasticum (r = 0.583, P < 0.001). Succiniclasticum additionally correlated with Anaerovibrio (r = 0.562, P < 0.001), Desulfovibrio (r = 0.589, P < 0.001) and Clostridium (r = 0.567, P < 0.001). Several interbacterial correlations were also found in the bacterial communities associated with the solid fraction of the rumen mat. Prevotella negatively correlated with BF311 (r = -0.645, P < 0.001) and Fibrobacter (r = -0.595, P < 0.001) and positively correlated with Sharpea (r = 0.585, P < 0.001). Ruminococcus positively correlated with Pseudobutyrivibrio (r = 0.580, P < 0.001) and Treponema correlated positively with Fibrobacter (r = 0.712, P < 0.001).
Correlation of bacterial abundance and ruminal pH were found only in the solid particle fraction with negative correlations for Prevotella (r = -0.492, P = 0.004) and Ruminococcus (r = -0.529, P = 0.002) and a positive correlation with BF311 (r = 0.374, P = 0.035).
DISCUSSION
Several studies have investigated the effects of starch feeding on ruminal microbes. However, so far information is scarce about the effects on ruminal microbes when diets with high sugar content are fed. Of particular interest is the use of sugar-rich forages that contain a sufficient amount of fibre effective to ensure proper rumen function. Hay with an elevated sugar content of ∼19% in DM displayed a high total tract digestibility of CP and NDF, and at the same time still provided sufficient structure to induce intensive chewing and rumination (Kleefisch et al. 2017) . Both are important factors for saliva secretion and buffering of the rumen contents (Allen 1997; Mertens 1997) .
Due to the improved nutrient digestibility when low-sugar hay was replaced by high-sugar hay, both in the total tract (Kleefisch et al. 2017) and in the rumen (in situ) in the present study, increased ruminal concentrations of SCFA were expected and confirmed. Present SCFA results support the contention that the fibre mat is the dominant site of ruminal fibre digestion and SCFA production (McAllister et al. 1994) . Ammonia concentrations in the rumen largely depend on dietary CP content as synchronised with carbohydrate availability (Nocek and Russel 1988) . The ruminal NH 3 concentrations in cows fed the 100HSH diet displayed a continuous high level due to the very high protein content of the sugar-rich hay. In cows with concentrate provided in the diet, NH 3 concentrations in the rumen decreased after having peaked at 2 h after the first feeding in the morning, indicating an increased uptake of NH 3 by ruminal microbes. The low NH 3 concentrations in the rumen of cows fed the LSH diet can be associated with the lower dietary CP content and an overall lower in situ nutrient degradability.
Aside from differences in nutrient content and degradability, effects on ruminal pH were small (Kleefisch et al. 2017) , and thus microbial population dynamics more likely depended on substrate availability than on ruminal pH. Since substrate and substrate availability are expected to differ between the solid fraction of the rumen mat and FRL, the microbial populations in these two fractions were found to differ as well, an observation confirmed by others (De Menezes et al. 2011; Petri et al. 2013) . This was also supported by the differences in the community structure using weighted UniFrac distance and the higher species richness and evenness in the ruminal liquid than in the solid samples, as previously reported (Jewell et al. 2015) . This likely reflects the discriminatory pressure in the solid fraction of the rumen mat for fiber-adherent bacteria that are able to degrade fibrous plant polysaccharides (Jewell et al. 2015) .
Several dietary effects were seen on all taxonomic levels. In addition, correlations between individual genera of bacteria indicated possible interdependencies due to crossfeeding of hydrolysis products (Sawanon and Kobayashi 2006) . In the present study, Ruminobacter and Selenomonas were the most abundant identified genera in FRL that were affected by diet. As Selenomonas-assigned sequences were identified with NCBI BLASTn as Selenomonas ruminantium, a succinatedecarboxylating and propionate-producing common member of the rumen microbial community (Scheifinger and Wolin 1973) . Cross-feeding between Selenomonas ruminantium and Fibrobacter succinogenes (Scheifinger and Wolin 1973) and Ruminococcus flavefaciens (Sawanon and Kobayashi 2006) has been demonstrated in culture, showing that F. succinogenes and R. flavefaciens provide high-sugar hay. b SEM, standard error of the mean. c Linear and quadratic contrasts were calculated for high-quality hay proportions in the high-quality hay containing diets. n.s., non-significant. d,e Means in the same row with different letters differ significantly (P < 0.005). f In tendency different from 100HSH (P < 0.1) g In tendency different from 60LSH (P < 0.1).
fibre hydrolysis products such as succinate to S. ruminantium. In line with that, a strong positive correlation between Selenomonas and Ruminococcus and between Selenomonas and propionate concentration was also found in FRL in the present study. Ruminobacter belongs to the Succinivibrionaceae family and Proteobacteria phylum and responded strongly to dietary changes indicating a dependency on starch as substrate and an incompatibility to sugar-rich diets. Its relative abundance decreased with increasing sugar-rich hay and it was significantly less abundant in cows fed the 60HSH diet than in cows fed the 60LSH diet, despite similar starch content. A member of Ruminobacter genus, previously identified as one of the major rumen amylolytic bacteria (Hamlin and Hungate 1956; Anderson 1995) , Ruminobacter amylophilus has a substrate range that seems to be limited to starch, maltose, and maltodextrins with an inability to directly utilise glucose and non-starch polysaccharides (Hamlin and Hungate 1956 ) because of its specific binding sites for α(1→4) polymers of glucose (Anderson 1995) . As Ruminobacter amylophilus has to bind to the starch molecule and transport it across the membrane before enzymatic degradation (Anderson 2002) , this genus might be outcompeted by other microbes using extracellular enzymes or having a broader substrate range when high-sugar hay is part of the diet. Ruminobacter amylophilus has been reported to possess proteolytic activity (Xia et al. 2016) ; however, its contribution to the ruminal CP breakdown seems to be rather small (Wallace and McKain 1991) .
Anaerovibrio was lower in FRL of cows fed the 60LSH diet. It was shown that Anaerovibrio are considered a group of important rumen lipolytic bacteria that are able to produce propionate (Wu et al. 2012) . Accordingly, we observed a positive correlation between Anaerovibrio and the concentration of propionate in FRL in this study. Additional correlations were found with the genera Selenomonas and Succiniclasticum. Relative abundance of genus RFN20 (phylum Tenericutes) differed between cows fed 60LSH and 60HSH diets. However information about this genus in the literature is scarce, making an interpretation of these results high-sugar hay. b SEM, standard error of the mean. c Linear and quadratic contrasts were calculated for high-quality hay proportions in the high-quality hay containing diets. n.s., non-significant. d,e,f Means in the same row with different letters differ significantly (P < 0.005). g In tendency different from 60HSH (P < 0.1). h In tendency different from 60LSH (P < 0.1).
difficult. Nevertheless, like Wang et al. (2016) we also observed negative correlations between RFN20 and SCFA in FRL.
The most abundant genera in the solid fraction of the rumen mat were Fibrobacter (phylum Fibrobacteres) and Prevotella (phylum Bacteroidetes). This is in agreement with other studies that found Prevotella-related sequences to be predominant in the total 16S rRNA gene sequences recovered from the particleassociated ruminal community (Koike et al. 2003) . By being highest with the 60HSH diet and lowest with the 60LSH diet, the abundance of the genus Prevotella mirrored the different substrate availabilities and improved nutrient digestibility of the high-sugar hay diet. Among the bacterial genera in the rumen, Prevotella has been reported to be one of the most numerous and metabolically diverse genera (Avgustin, Wallace and Flint 1997; Petri et al. 2013) . Prevotella has also been shown to be a member of the core microbiome in ruminal fluid (Lima et al. 2015) , and Petri et al. (2013) found Prevotella spp. in equal proportions in the liquid and solid rumen contents. However, in the present study Prevotellaceae and Prevotella were highly abundant in the solid fraction of the rumen mat and only of minor abundance in samples taken from the free liquid of the ventral rumen. Several factors may have contributed to the differences between studies, including different sampling procedures, filtering of the ruminal liquid, different DNA extraction methods, sequencing procedures and data processing. Increased populations of Prevotella spp. were reported after the transition from forage to concentrate diets (Fernando et al. 2010 ) and when cows were fed a starchy low-forage diet (Petri et al. 2013; Wang et al. 2016) . In the present study, relative abundances of Prevotellaceae and Prevotella were higher in cows fed high-sugar hay. Prevotella spp. have been shown to be the most abundant xylanolytic bacteria in the rumen, thus playing an important role in fibre breakdown (Dodd et al. 2010) . Culture studies have demonstrated that various carbohydrates can be used as substrate by Prevotella with different preferences between species and strains (Avgustin, Wallace and Flint 1997) . Additionally, Prevotella species have also been shown to play an important role in dietary protein breakdown in the rumen (Wallace and McKain 1991; Wallace, Atasoglu and Newbold 1999) and might thus benefit from the high-protein content in the high-sugar hay. Further research is needed to unravel the Prevotella group with its diverse functions in the rumen.
In earlier culture studies Cheng et al. (1983 Cheng et al. ( /1984 ) observed that F. succinogenes and Butyrivibrio fibrisolvens adhere to plant cell walls prior to the Ruminococci, and especially R. albus was only loosely adherent or even found at distance from the surface of the plant cell wall. Shinkai and Kobayashi (2007) demonstrated that F. succinogenes is more metabolically active on less digestible fibre such as that found in the stems of hay, while R. flavefaciens prefers easily digestible fibre and is rarely found on stems. Their observation might explain why the relative abundance of Ruminococcus was higher in FRL than attached to particles in the fibre mat and why Fibrobacter was higher in the solid fraction of the rumen mat of cows fed the 60LSH diet containing fibre-rich, low-sugar hay. Kong, Teather and Forster (2010) reported the presence of R. flavefaciens and R. albus both in the solid and in the liquid phase of the rumen and the present relative abundance of genus Ruminococcus in FRL is in the same order as observed by Lima et al. (2015) . No dietary influence was found on Ruminococcus in FRL, however, attached to the solid phase this genus was more abundant in cows fed the sugar-rich hay diets. A decrease of this fibrolytic genus when starch proportion in the diet increased has been reported before (Zened et al. 2013; Granja-Salcedo et al. 2015) , but no studies that investigated the effects of sugar-rich diets on Ruminococcus were found in the literature. However, the increased abundance of Ruminococcus with high-quality sugar-rich hay might simply reflect the improved accessibility of cellulose and hemicelluloses due to less lignification as opposed to the fibre-rich hay.
De Menezes et al. (2011) observed a higher abundance of Fibrobacteraceae in cows fed a total mixed ration containing straw, than in cows grazing pasture. Beneficial interactions in fibre degradation between F. succinogenes and Treponema have been reported before (Shinkai, Ueki and Kobayashi 2010; Bekele, Koike and Kobayashi 2011) and also in the present study a strong positive correlation between the two genera was observed.
Pseudobutyrivibrio was significantly highest in cows fed with the 100HSH diet. Aligning the sequence of the OTU identified as genus Pseudobutyrivibrio by the Greengenes database to NCBI BLASTn sequence database found a 100% alignment with Pseudobutyrivibrio ruminis. Pseudobutyrivibrio ruminis strains were shown to be able to grow on fructan, inulin, sucrose, fructose and glucose as a sole carbon source (Van Gylswyk, Hippe and Rainey 1996; Kasperowicz et al. 2010) . qPCR revealed a slightly reduced abundance of rumen anaerobic fungi in samples of cows receiving the 60HSH diet, which coincides with the lowest level of fibre in this respective diet. Anaerobic rumen fungi have been demonstrated to be important fibre degraders (Sihori et al. 2013) ; however, various substrates for growth of anaerobic rumen fungi, including starch and free sugars, have been reported with differences between fungal species (reviewed by Gordon and Philips 1998) . Thus, a closer investigation of the rumen fungal population is needed to understand diet-related changes.
In conclusion, replacing fibre-rich hay with high-sugar hay caused significant alterations in the rumen bacterial communities on all taxonomic levels by changing the substrate source and availability. Accordingly, feed degradability was improved resulting in increased concentrations of fermentation acids in the rumen. Detailed knowledge has been generated about the effects of feeding two contrasting hay qualities, differing in contents of fibrous carbohydrates and sugars with varying levels of concentrate inclusion on the rumen bacterial community. The findings of the present study are of high interest for microbiologists and ruminant researchers investigating rumen function and health as influenced by feeding management.
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